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Abstract: Transition metal multi-principal element alloys (MPEAs) are novel alloys that may offer
enhanced surface and mechanical properties compared with commercial metallic alloys. However,
their biocompatibility has not been investigated. In this study, three CoCrFeNi-based MPEAs were
fabricated, and the in vitro cytotoxicity was evaluated in direct contact with fibroblasts for 168 h.
The cell viability and cell number were assessed at 24, 96, and 168 h using LIVE/DEAD assay and
alamarBlue assay, respectively. All MPEA sample wells had a high percentage of viable cells at
each time point. The two quaternary MPEAs demonstrated a similar cell response to stainless steel
control with the alamarBlue assay, while the quinary MPEA with Mn had a lower cell number after
168 h. Fibroblasts cultured with the MPEA samples demonstrated a consistent elongated morphology,
while those cultured with the Ni control samples demonstrated changes in cell morphology after 24 h.
No significant surface corrosion was observed on the MPEAs or stainless steel samples following
the cell culture, while the Ni control samples had extensive corrosion. The cell growth and viability
results demonstrate the cytocompatibility of the MPEAs. The biocompatibility of MPEAs should
be investigated further to determine if MPEAs may be utilized in orthopedic implants and other
biomedical applications.
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1. Introduction

Metallic biomaterials are used in a variety of applications, including fixtures like screws and
plates; electrical connections; and load-bearing applications, including total hip arthroplasty (THA),
which is the standard treatment for degenerative hip pain. Over 60,000 THA surgeries were performed
in the United States in 2015, with metallic implants paired with polymeric articulating surfaces as
the most common implant configuration [1]. The metallic implants are typically produced with
cobalt—chromium (CoCr) alloys; titanium (Ti)-based alloys, such as Ti-6Al-4V (ASTM F136/1SO
5832-2) or Ti-12Mo-6Zr-2Fe (ASTM F1813/1SO 5832-14); and stainless steels (ASTM F138/1SO 5832-1).
These alloys are often employed in THA, particularly in femoral stems and heads, primarily due to
their superior mechanical properties compared with polymeric and ceramic biomaterials. Mechanical
properties of metallic biomaterials that are advantageous for orthopedic implants include high yield
strength and high fracture toughness, which prevent deformation under load and increase the material
resistance to fracture, respectively. The Ashby chart (Figure 1) illustrates the difference between the
classes of materials (polymers, ceramics, metals, and metal multi-principal element alloys (MPEAs)) in
terms of yield strength and fracture toughness [2].
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Despite the prominent use of metallic implants in THAs, complications including wear [3-5],
loosening [6,7], osteolysis [8-10], corrosion [11,12], trunnionosis [13], stress shielding [14,15], infection [16],
and inflammatory reaction [17] may arise following device implantation. When complications occur,
further treatment or revision surgery is necessary; over 6000 revision surgeries were conducted in
2015 [1]. The implant complications have many causes, but limitations with the implant material,
including mismatch of stiffness with bone tissue and corrosion, are typical sources of complications.
The material properties required for THA implants are compressive strength, fracture toughness,
corrosion resistance, stiffness, fatigue limit, and wear resistance. Other considerations, such as material
cost, machinability, and workability, may not affect the implant function but play a major role in alloy
development and selection.
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Figure 1. Ashby diagram comparing the yield strength and fracture toughness of common material
classes [2]. Metal multi-principal element alloys (MPEAs) demonstrate increased yield strength and
fracture toughness compared to the other material classes.

Novel materials could be used to reduce the risk of complications in THA patients and other
orthopedic implant patients. However, any novel material should improve on the material properties
of existing THA materials. A new class of materials called multi-principal element alloys (MPEAs)
may provide such an opportunity. MPEAs contain several different elements in near-equiatomic
concentrations, unlike conventional alloys, which are comprised of a principal solvent matrix alloyed
with other constituents in minor and trace amounts. MPEAs can exhibit a single-phase microstructure
with all elements in substitutional solid solution, and are also referred to as high entropy alloys,
baseless alloys, or complex concentrated alloys [18]. MPEAs may be categorized based on their
constituent elements, such as refractory or transition metals. Refractory MPEAs contain metals such as
W, Ta, Mo, V, Zr, and Nb, while transition metal (TM) MPEAs primarily contain elements with valence
electrons occupying the 3d orbital, including Cr, Mn, Fe, Co, Ni, and Cu.

The mechanical properties of TM MPEAs may be advantageous for use in orthopedic applications.
The relevant properties of common implant materials and TM MPEAs are shown in Table 1 [19,20].
Using TM MPEAs in orthopedic implants may decrease the probability of mechanical deformation or
failure through increased yield strength and fatigue life (endurance limit). The MPEA stiffness is lower
than CoCr alloys and stainless steels, providing a better match with cortical bone, thereby potentially
reducing the odds of stress-shielding in orthopedic applications. Additionally, several TM MPEAs
have been shown to exceed the corrosion resistance of stainless steel 304 in NaCl and H>SO, aqueous
solutions [21-23]. TM MPEAs containing Co, Cr, Fe, Ni, Al, and Ti have also demonstrated better wear
resistance than the conventional wear-resistant steels SUJ2 and SKH51 [24], although wear resistance
is heavily composition-dependent [25]. TM MPEAs may be manufactured via most conventional
methods as well as additive methods [26-30], allowing manufacturers to fabricate custom implants
to match patient anatomy and incorporate complex configurations to promote osseointegration [31].
The intriguing properties of TM MPEAs have also prompted researchers to model their behavior as



J. Funct. Biomater. 2018, 9, 59 3of11

vascular stents [32,33]. Despite these promising properties, MPEAs cannot be utilized in biomedical
applications if the alloys are not biocompatible.

Table 1. Mechanical properties of common metallic implant materials [17] and transition metal (TM)

MPEAs [18].
Material ASTM Yield Strength Elastic Modulus  Endurance Limit

Designation (MPa) (GPa) (MPa)

Cortical Bone - 70-114 15-40 30-45
CoCr F75 448-841 280 207-950
Ti-6Al-4V F136 897-1034 116 620-689
SS316L F138 331-792 210 310-820
TM MPEAs - 220-1500 55-230 400-950

This study investigated the cytotoxicity of CoCrFeNi-based MPEAs in direct contact with
fibroblasts during in vitro culture, using an adaptation of the ASTM F813 standard. Evaluating
the cytotoxicity of MPEAs is a critical first step in assessing MPEA biocompatibility. This is particularly
important, as Co, Cr, Fe, and Ni are constituents in the majority of TM MPEAs [16] and may be
cytotoxic. The cytotoxicity of MPEAs was assessed by culturing fibroblasts in wells containing MPEAs
with three different compositions: CoygCraoFe3gNisg, CosoCrsgFepnNing, and CoyyCryoFeeMnygNip
(the subscripts denote the elemental concentration in atomic percent). The MPEA cytotoxicity was
assessed by analyzing fibroblast cell number and viability following 24, 96, and 168 h of cell culture in
direct contact with the alloys, as well as positive and negative controls.

2. Results

Three TM MPEAs were fabricated for this study to evaluate the effects of alloy compositions;
two off-equiatomic variations of the Coy5Cras5FersNips alloy, CozgCragFespNisg and CozgCrsgFepoNip;
and an equiatomic quinary alloy, Coz¢CrpoFe0MnygNip. The quinary alloy was cast to analyze the
effect of adding a fifth transition metal, Mn, to the CoCrFeNi-base alloy.

Following casting and homogenization, the alloys were characterized using scanning electron
microscopy (SEM) and X-ray diffraction (XRD). The backscatter electron micrograph in Figure 2 reveals
a homogenous microstructure throughout the CoygCryoFe3gNizp sample, indicated by the lack of
features in the micrograph; the microstructures of the other MPEA samples were similar. The XRD
patterns in Figure 3 were indexed and revealed peaks consistent with a face-centered cubic solid
solution in each of the MPEA samples. The average MPEA elemental compositions were determined
via X-ray energy dispersive spectroscopy (XEDS), and are reported in Table 2. After the characterization
by SEM and XRD, the MPEA samples were used in direct-contact cell culture experiments.

200 uym

Figure 2. Backscatter electron micrograph demonstrating homogeneous composition and microstructure
in C020Cr20Fe30Ni30 Sample.
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Figure 3. Indexed X-ray diffraction patterns collected from CosyCr3zgFezoNipg, CopgCrpoFesgNizg, and
Cop0CrypFeyoMnyoNipyy MPEAs, demonstrating the single-phase, face-centered, cubic crystal structure.

Table 2. MPEA compositions determined using X-ray energy dispersive spectroscopy (XEDS).

MPEA Sample Co Content Cr Content Fe Content Mn Content Ni Content
P (at.%) (at.%) (at.%) (at.%) (at.%)
CoyCryoFezgNisg 20.9 +£ 05 189 +0.2 29.8 +0.2 - 304 + 0.6
Co3z¢CrzpFeyoNipg 299+ 0.2 30.0 £ 0.2 205+ 0.2 - 19.6 £0.2
Coy9CrygFeroMnyoNiyy  19.2 + 0.2 20.6 +0.2 20.1+0.2 20.9 + 0.2 192 4+0.2

The cell number in each well was quantified using the alamarBlue assay at three time points
(Figure 4). After 24 h, there was no significant difference (p = 0.67) in cell number between groups,
but after 96 and 168 h, significant differences between groups were observed (p < 0.05), as shown in
Figure 4b. The Coy(CryFe3yNizg and CozoCrzgFeyoNiyg alloy samples had similar responses to the
stainless steel and untreated control samples at each time point, indicating negligible cytotoxic effect on
cell growth. The cell number for the Co¢CryoFecMnyoNiyg samples was reduced after 168 h, indicating
potential cytotoxicity. The Ni samples (positive control) elicited a cytotoxic response, resulting in
significantly reduced cell numbers at 96 and 168 h.
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Figure 4. Cell number as a function of time for MPEA samples. (a) Cell number quantified with an
alamarBlue assay (NS denotes no significant difference). The acronyms/abbreviations are SS (stainless
steel), Ni (nickel), CC30FN20 (CO30CI‘30F620N120), CC20FN30 (COzocrzoFegoNi:;o), and CCFMN
(CoppCrpoFexgMnyoNiyg). (b) Pairwise comparison of statistically significant differences for panel
(a) at 96 and 168 h; the grey squares indicate significant differences (p < 0.05), while the white squares
indicate no significant difference.
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The fibroblasts were evaluated with a LIVE/DEAD assay at 24, 96, and 168 h. The cultures
were imaged using fluorescence microscopy to visualize the cell viability in response to the samples.
The MPEAs, stainless steel, and untreated samples showed a high percentage of viable cells at
each time point. The cell viability is clearly demonstrated after 168 h for the MPEAs, stainless
steel, and untreated samples (Figure 5). Few dead cells were observed in all three MPEA groups,
while greater numbers of dead cells were observed in the stainless steel control. This indicates that the
decreased cell numbers observed for the MPEA samples between 96 and 168 h in the alamarBlue assay
may have resulted from factors other than cell death, including contact inhibition or changes in cell
metabolism. Qualitatively, the MPEAs, stainless steel, and untreated wells had similar cell density
and elongated morphology. Thus, the bright-field images in Figure 6 only contain representative
images of the cells in the CoygCrygFeyoMnyoNiyg- and Ni-containing wells to contrast the responses.
The CopCryoFepoMnyoNiyy samples shown in Figure 6a—c induced no changes to the confluent
monolayer throughout the trial, while cell response in the Ni wells showed considerable differences
in cell morphology, with the cells appearing rounded and detaching from the surface, as shown in
Figure 6d—f. Changes in cell morphology for the Ni wells were observed at 24 h, and these effects
increased with increasing culture time, indicating cytotoxicity. The lower cell number in the alamarBlue
assay for the CoyoCryoFez0MnyoNiyg samples, with no discernable change in cell morphology and
good cell viability, indicates that the cell metabolism may have been affected by leaching of Mn ions,
resulting in lower alamarBlue readings.

(@) CozCrygFesNis, (b) Co3,CraoFeyNiz (€) CozoCragFeMnyNiz

(f) Untreated

Figure 5. Fluorescence micrograph of cells stained with a LIVE/DEAD assay after 168 h of direct contact
culture with (a) CoyyCrpoFesoNisg, (b) CozgCrsgFeygNipg, (€) CoygCragFeygMnygNiyg, (d) stainless steel,
(e) Ni, and (f) untreated wells, with live (green) and dead (red) cells.
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Figure 6. Bright-field optical micrographs of (a—c) CopoCryoFeyoMnyoNiyy and (d—f) Ni wells,
demonstrating the differences in cell morphology and cell density as a function of time. The cell
morphology remains consistent in the CoyoCrygFeygMnyoNipy samples, while distinct changes in cell
morphology are visible in the Ni samples.
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The stability of the MPEA alloys was evaluated following 168 h of cell culture to assess the
presence of corrosion. The metal disks were washed in ethanol and weighed to determine the weight
loss during cell culture, which quantified the extent of corrosion as presented in Figure 7a. Only the Ni
samples exhibited considerable corrosion, and these samples had a statistically significant difference
in mass loss compared to every other alloy tested. Optical micrographs provide visual evidence of the
surface corrosion of CoyoCryoFesoNisg, stainless steel, and Ni after 168 h of cell culture (Figure 7b—d).
The surfaces of CoygCryoFe3gNiszp and stainless steel remained highly reflective, and only revealed
minor defects by optical microscopy (OM). The surface of the Ni metal appeared dull following
the cell culture, and OM revealed surface degradation suggestive of extensive corrosion (Figure 7d).
The surfaces of all MPEAs in this study were similar in appearance to the Co(CryoFe3oNizy and
stainless steel presented in Figure 7b,c, respectively.
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Figure 7. Evaluation of sample corrosion after an in-vitro culture. (a) Sample mass loss after 168 h
cell culture, with * denoting a statistically significant difference (p < 0.05); acronyms/abbreviations
are SS (stainless steel), Ni (nickel), CC30FN20 (Coz¢CrzgFepNipg), CC20FN30 (CoyoCryoFesgNisg), and
CCFMN (CopoCrpoFeypMnyoNipg). Also shown are right-field micrographs of (b) CoyoCryoFezgNiz,
(c) stainless steel, and (d) Ni. The Ni sample had a statistically significant difference in mass

loss compared to all other groups, while there was no significant difference observed between the
other groups.

3. Discussion

The cytocompatibility of CoCrFeNi-based MPEAs was evaluated through direct contact culture
with fibroblasts. After 24 h of culture, there was no significant difference in the number of cells in
contact with each of the metals, but the cell response became more distinctive with additional culture
time. After 96 h, the cell number in the MPEAs and stainless steel wells were comparable to that
of the negative control, while the cell number in the Ni wells decreased significantly. After 168 h,
all MPEA wells exhibited a marked decrease in cell number compared to the number after 96 h,
which may be due to contact inhibition or changes in cell metabolism due to confluency. The final cell
numbers in the CoyoCrygFesNisg, Coz9CrzgFezoNipp, and stainless steel wells were comparable to the
number observed in the untreated control. This indicates that a decrease in cell numbers between 96
and 168 h was due to experimental constraints and not the cytotoxic effects of the alloys. However,
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the CopCryFezoNixMnyg wells exhibited a greater reduction in cell number after 168 h, suggesting
an effect from the sample. The decreased cell number in the Ni wells is due to Ni ions present in the
culture medium, resulting in cytotoxicity. The observed corrosion of the Ni sample demonstrated that
greater amounts of Ni ions were present in the cultures than constituents of the other alloys. The result
for the Ni samples agree with the literature on the cytotoxicity of Ni ions [34]. The reduced cell number
in the Coy(CryoFecMnyoNiy wells may be attributed to potentially cytotoxic metal ions, with Mn ions
shown to reduce viability in mouse fibroblasts [35]. The corrosion resistance in the MPEAs investigated
in this study may be insufficient to suppress Mn ion leaching in cytotoxic doses. Other factors may
also be contributing to the lower cell number for the CoyyCryoFeeMnyoNiyg alloy, since the cultures
displayed good viability and elongated cell morphology throughout the study.

The MPEAs and stainless steel exhibited little mass loss during cell culture. The surface of these
alloys was characterized by a passive layer containing chromium- and iron-oxides [23,36], so the
concentration of leached ions remained low. The robust nature of the passive layer also mitigates
corrosion of CoCr and Ti-based implant materials in the body [37]. However, the accumulation of
corrosion and wear byproducts can initiate pathological responses and other complications following
implantation. Most metallic alloys currently used in biomedical applications may undergo surface
treatment or coating prior to implantation, in order to enhance their corrosion and wear resistance.
This study demonstrates that CoCrFeNi-based MPEAs did not experience excessive corrosion, likely
due to the passive layer. The corrosion resistance of the MPEAs may eliminate the need for additional
processing or coating. In conjunction with the excellent wear and corrosion properties described in the
literature, MPEAs may represent a viable alloy system for future biomedical applications.

CoCrFeNi-based MPEAs have many benefits, including improved wear and corrosion resistance
and lower stiffness compared to metals commonly used in biomedical applications, such as Ti-6Al-4V,
CoCr, and stainless steel. This combination of properties may make MPEAs suitable materials for
use in orthopedic implant applications. This study evaluated the in vitro cytotoxicity of three unique
TM MPEAs, C020Cr20F630N130, C030Cr30Fe20N120, and COzocrzoFeeanoNizo, in direct contact with
fibroblasts during the 168 h cell culture, using an alamarBlue assay and microscopy. The quaternary
alloys demonstrated no cytotoxicity, while the addition of Mn to the MPEAs led to reduced cell numbers
in the alamarBlue assay. All MPEA formulations exhibited excellent corrosion resistance. To fully
realize the potential of MPEAs as biomaterials, compositions should be carefully refined to optimize
properties and performance. CoCrFeNi-based MPEAs possess sufficient mechanical properties,
corrosion resistance, and biocompatibility to warrant further investigation as THA components,
plates, screws, stents, and in other biomedical applications. Additional biocompatibility and functional
testing are needed to validate TM MPEAs for orthopedic applications.

4. Materials and Methods

4.1. Sample Fabrication

Three TM MPEAS—COzochQFegoNigo, C030C1‘30F620N120, and COzoCI‘zoFeQOanoNizo—Were
fabricated for this study in an arc-melter (Centorr 5B]™, Nashua, NH, USA). The target compositions
were obtained by converting the nominal alloy concentrations to weight percents, and the
corresponding amounts of the elemental constituents were combined. The alloys were melted in
an Ar-filled chamber, flipped, and re-melted 5-6 times to promote homogeneous compositional
distribution. Following melting, the alloys were sealed in Ar-backfilled quartz tubes and homogenized
at 1100 °C for 48 h in a high temperature furnace (CM, Bloomfield, NJ, USA). The MPEAs were
sectioned using a low-speed diamond saw, followed by grinding and polishing using sequentially finer
SiC polishing pads from 400 to 1200 grit, and finally polished using 1 pm diamond paste. The final
thickness of each sample ranged between 1 and 1.5 mm. The sample shapes were irregular due to the
casting and cutting process, but the sample masses differed by <0.3 g. Stainless steel 304 (SS) and
commercially pure Ni rods were used as negative and positive controls, respectively. The SS and Ni
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samples were cut and polished using the same methods as the MPEAs. The sample areas (basal plane)
ranged between 0.201 to 0.630 cm?.

4.2. Metal Multi-Principal Element Alloy Characterization

The chemical composition, microstructure, and crystal structure of the MPEA samples was
analyzed. The microstructure and composition were analyzed using a Zeiss Ultra-55 field-emission
scanning electron microscope (FE-SEM) operating at 20 keV accelerating voltage. An X-ray energy
dispersive spectroscope (XEDS) detector was used to examine the compositional homogeneity.
The MPEA crystal structures were analyzed via X-ray diffraction (XRD) using a Cu K-o source
(A = 1.54 A) with 45 keV accelerating voltage and 40 mA current over a range of 20 angles from 30-100°.
After the cell culture, bright-field and dark-field optical microscopy (OM) were used to examine the
sample surfaces for evidence of corrosion.

4.3. Cell Expansion

BJ fibroblasts (ATCC, Manassas, VA, USA) were cultured and expanded to 80% confluency in
T-150 flasks, according to the manufacturer’s instruction, in «e-MEM with 10% fetal bovine serum
and 1% penicillin/streptomycin at 37 °C and 5% CO; in a fully humidified incubator. The cells
were detached with trypsin-EDTA (FisherScientific, Pittsburgh, PA, USA), centrifuged at 225x g for
10 min, then re-suspended in media and seeded in 12-well culture plates at 100,000 cells per well.
Cells were cultured in the plates with media changes every 48 h until the monolayers became nearly
100% confluent.

4.4. Direct Contact Cytotoxicity Evaluation

The cytotoxicity of the MPEA samples was evaluated using an adaptation of ASTM F813,
where confluent fibroblast cell monolayers are in direct contact with the alloy sample. ASTM F813
indicated 24 h of direct contact in vitro culture; however, metallic implants typically remain in the
patient for several years, so the samples were cultured for 168 h to observe the cell response as function
of time. The three experimental MPEAs, stainless steel (negative control), and Ni (positive control)
were placed on confluent monolayers of B]J fibroblast cells in 12-well plates with n = 3 samples per
group. Untreated fibroblast seeded wells were also used as controls. The media was changed every
48 h during the evaluation.

4.5. Cell Number

The alamarBlue assay was performed at 24, 96, and 168 h time points to evaluate cell number.
The media was aspirated and the cells were washed with Dulbecco’s phosphate buffered saline (D-PBS).
A 10 vol % alamarBlue solution was made by adding the alamarBlue reagent into fully supplemented
«-MEM media, and 1.5 mL of the 10% alamarBlue solution was added to each well. The samples (1 =3
per group) were incubated at 37 °C for 2 h. Following incubation, 300 pL samples in duplicate from
each well were placed in a black 96-well plate. Fluorescence measurements were performed using
a Cytation5 multimode imaging microplate reader (Biotek, Winoosky, VT, USA) with an excitation
wavelength of 560 nm and emission wavelength of 590 nm. The emission intensities were converted to
cell numbers using a standard curve generated from a series of known cell numbers.

4.6. Viability Assessment

A LIVE/DEAD® Viability /Cytotoxicity kit (FisherScientific, Pittsburgh, PA, USA) was used to
assess the viability of BJ fibroblasts in contact with MPEA samples at 24, 96, and 168 h time points.
The cell viability was evaluated using calcein AM and ethidium homodimer-1 (EthD-1). The calcein
binds to live cells to produce green fluorescence, while EthD-1 binds to dead cells and produces red
fluorescence. The staining solution was prepared in D-PBS at a concentration of 2 uM calcein and 4 uM
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EthD-1. The media in the sample wells was aspirated and replaced with 500 uL of the staining solution
and incubated at room temperature for 20 min. The samples were washed with D-PBS, then imaged
with the Cytation5 using GFP and RFP filters for live and dead cells, respectively. The entire well was
inspected and representative images were obtained.

4.7. Mass Loss

The mass of the metal samples (1 = 3 per group) was measured following 168 h of cell culture
and compared with the mass prior to cell culture. After removal from the wells, the metal samples
were washed with D-PBS, then placed in an ethanol bath and ultrasonically cleaned using a Fisher
CPXH 1900 ultrasonic cleaner. The samples were dried with warm air then weighed using a Mettler
AE166 balance.

4.8. Statistical Analysis

The data are presented as the mean =+ standard deviation of the mean. Statistical significance was
set at p < 0.05 and was tested with ANOVA and a t-test (Microsoft Excel, Version 16.16.2).

Author Contributions: Conceptualization: R.N. and S.J.E; methodology: R.N. and S.J.F,; validation: R.N., Y.S. and
S.J.E; formal analysis: R.N.; investigation, R.N., ZW.,, LA, and A.M.; resources: Y.S and S.J.F,; writing (original
draft preparation: R.N.; writing (review and editing): Y.S. and S.J.F.; supervision: S.J.E,; project administration:
SJ.E

Funding: This research received no external funding.

Acknowledgments: This study was supported by UCF start-up funding (SJF). The authors would like to
acknowledge the use of Zeiss Ultra-55 FE-SEM and Panalytical Empyrean XRD at the Materials Characterization
Facility (MCF), administered by the Advanced Materials Processing and Analysis Center (AMPAC) of University
of Central Florida.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gioe, T.J. American Joint Replacement Registry 2016 Annual Report; American Joint Replacement Registry:
Rosemont, IL, USA, 2016.

2. Gludovatz, B.; Hohenwarter, A.; Thurston, K.V.S,; Bei, H.; Wu, Z.; George, E.P.; Ritchie, R.O. Exceptional
damage-tolerance of a medium-entropy alloy crconi at cryogenic temperatures. Nat. Commun. 2016, 7, 10602.
[CrossRef] [PubMed]

3.  Langton, D.; Jameson, S.; Joyce, T.; Hallab, N.; Natu, S.; Nargol, A. Early failure of metal-on-metal bearings in
hip resurfacing and large-diameter total hip replacement: A consequence of excess wear. J. Bone Jt. Surg. Br.
2010, 92, 38-46. [CrossRef] [PubMed]

4. Oldenburg, M.; Wegner, R.; Baur, X. Severe cobalt intoxication due to prosthesis wear in repeated total hip
arthroplasty. J. Arthroplast. 2009, 24, 825.e815-e825. [CrossRef] [PubMed]

5. Witt, J.; Swann, M. Metal wear and tissue response in failed titanium alloy total hip replacements. J. Bone Jt.
Surg. Br. 1991, 73, 559-563. [CrossRef]

6. Lombardi, J.A.; Mallory, T.; Vaughn, B.; Drouillard, P. Aseptic loosening in total hip arthroplasty secondary
to osteolysis induced by wear debris from titanium-alloy modular femoral heads. J. Bone Jt. Surg. Am. 1989,
71,1337-1342. [CrossRef]

7. Huber, M.; Reinisch, G.; Trettenhahn, G.; Zweymidiller, K.; Lintner, F. Presence of corrosion products and
hypersensitivity-associated reactions in periprosthetic tissue after aseptic loosening of total hip replacements
with metal bearing surfaces. Acta Biomater. 2009, 5, 172-180. [CrossRef] [PubMed]

8. Maloney, W.J.; Smith, R.L. Periprosthetic osteolysis in total hip arthroplasty: The role of particulate wear
debris. . Bone Jt. Surg. 1995, 77, 1448-1461. [CrossRef]

9. Park, Y.-S.; Moon, Y.-W.,; Lim, S.-J.; Yang, J.-M.; Ahn, G.; Choi, Y.-L. Early osteolysis following
second-generation metal-on-metal hip replacement. J. Bone Jt. Surg. Am. 2005, 87, 1515-1521.

10. Huo, M.H.; Salvati, E.A.; Lieberman, J.R.; Betts, F.; Bansal, M. Metallic debris in femoral endosteolysis in
failed cemented total hip arthroplasties. Clin. Orthop. Relat. Res. 1992, 157-168. [CrossRef]


http://dx.doi.org/10.1038/ncomms10602
http://www.ncbi.nlm.nih.gov/pubmed/26830651
http://dx.doi.org/10.1302/0301-620X.92B1.22770
http://www.ncbi.nlm.nih.gov/pubmed/20044676
http://dx.doi.org/10.1016/j.arth.2008.07.017
http://www.ncbi.nlm.nih.gov/pubmed/18835128
http://dx.doi.org/10.1302/0301-620X.73B4.2071635
http://dx.doi.org/10.2106/00004623-198971090-00009
http://dx.doi.org/10.1016/j.actbio.2008.07.032
http://www.ncbi.nlm.nih.gov/pubmed/18725188
http://dx.doi.org/10.2106/00004623-199509000-00022
http://dx.doi.org/10.1097/00003086-199203000-00019

J. Funct. Biomater. 2018, 9, 59 10 of 11

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Willert, H.; Brobéck, L.; Buchhorn, G.; Jensen, P.; Koster, G.; Lang, I.; Ochsner, P.; Schenk, R. Crevice corrosion
of cemented titanium alloy stems in total hip replacements. Clin. Orthop. Relat. Res. 1996, 51-75. [CrossRef]
Urban, R.M.; Jacobs, ].J.; Gilbert, J.L.; Galante, ].O. Migration of corrosion products from modular hip
prostheses. Particle microanalysis and histopathological findings. J. Bone Jt. Surg. Am. 1994, 76, 1345-1359.
[CrossRef]

Mistry, ].B.; Chughtai, M.; Elmallah, R.K.; Diedrich, A.; Le, S.; Thomas, M.; Mont, M.A. Trunnionosis in total
hip arthroplasty: A review. J. Orthop. Traumatol. 2016, 17, 1-6. [CrossRef] [PubMed]

Sumner, D.R.; Galante, J.O. Determinants of stress shielding. Clin. Orthop. Relat. Res. 1991, 274, 202-212.
[CrossRef]

Bobyn, ].D.; Mortimer, E.S.; Glassman, A.H.; Engh, C.A.; Miller, ].E.; Brooks, C.E. Producing and avoiding
stress shielding. Laboratory and clinical observations of noncemented total hip arthroplasty. Clin. Orthop.
Relat. Res. 1992, 274, 79-96.

Senthi, S.; Munro, ].T.; Pitto, R.P. Infection in total hip replacement: Meta-analysis. Int. Orthop. 2011,
35, 253-260. [CrossRef] [PubMed]

Chen, X; Bai, C,; Xie, L.; Zhang, Y.; Wang, K. Inflammatory response to orthopedic biomaterials after total
hip replacement. J. Orthop. Sci. 2012, 17, 407-412. [CrossRef] [PubMed]

Miracle, D.; Senkov, O. A critical review of high entropy alloys and related concepts. Acta Mater. 2017,
122, 448-511. [CrossRef]

Ratner, B.D.; Hoffman, A.S.; Schoen, EJ.; Lemons, ]J.E. Biomaterials Science: An Introduction to Materials in
Medicine; Academic Press: Boston, MA, USA, 2004.

Gao, M.C,; Yeh, J.-W.,; Liaw, PX.; Zhang, Y. High-Entropy Alloys: Fundamentals and Applications; Springer:
Basel, Switzerland, 2016.

Lee, C.; Chang, C.; Chen, Y.,; Yeh, J.; Shih, H. Effect of the aluminium content of alxcrfel.5mnni0.5
high-entropy alloys on the corrosion behaviour in aqueous environments. Corros. Sci. 2008, 50, 2053-2060.
[CrossRef]

Lee, C.; Chen, Y;; Hsu, C.; Yeh, J.; Shih, H. Enhancing pitting corrosion resistance of alxcrfel.5mnni0.5
high-entropy alloys by anodic treatment in sulfuric acid. Thin Solid Films 2008, 517, 1301-1305. [CrossRef]
Chen, Y.; Duval, T.; Hung, U,; Yeh, J.; Shih, H. Microstructure and electrochemical properties of high entropy
alloys—A comparison with type-304 stainless steel. Corros. Sci. 2005, 47, 2257-2279. [CrossRef]

Chuang, M.-H.; Tsai, M.-H.; Wang, W.-R; Lin, S.-].; Yeh, J.-W. Microstructure and wear behavior of
alxcol.5crfenil.5tiy high-entropy alloys. Acta Mater. 2011, 59, 6308-6317. [CrossRef]

Wu, J.-M,; Lin, S.-].; Yeh, ].-W.; Chen, S.-K.; Huang, Y.-S.; Chen, H.-C. Adhesive wear behavior of alxcocrcufeni
high-entropy alloys as a function of aluminum content. Wear 2006, 261, 513-519. [CrossRef]

Brif, Y.; Thomas, M.; Todd, I. The use of high-entropy alloys in additive manufacturing. Scr. Mater. 2015,
99, 93-96. [CrossRef]

Joseph, J.; Jarvis, T.; Wu, X,; Stanford, N.; Hodgson, P; Fabijanic, D.M. Comparative study of the
microstructures and mechanical properties of direct laser fabricated and arc-melted alxcocrfeni high entropy
alloys. Mater. Sci. Eng. A 2015, 633, 184-193. [CrossRef]

Kunce, I.; Polanski, M.; Bystrzycki, J. Structure and hydrogen storage properties of a high entropy zrtiverfeni
alloy synthesized using laser engineered net shaping (lens). Int. J. Hydrog. Energy 2013, 38, 12180-12189.
[CrossRef]

Fujieda, T.; Shiratori, H.; Kuwabara, K.; Kato, T.; Yamanaka, K.; Koizumi, Y.; Chiba, A. First demonstration of
promising selective electron beam melting method for utilizing high-entropy alloys as engineering materials.
Mater. Lett. 2015, 159, 12-15. [CrossRef]

Ocelik, V.; Janssen, N.; Smith, S.; De Hosson, ].T.M. Additive manufacturing of high-entropy alloys by laser
processing. JOM 2016, 68, 1810-1818. [CrossRef]

Ryan, G.; Pandit, A.; Apatsidis, D.P. Fabrication methods of porous metals for use in orthopaedic applications.
Biomaterials 2006, 27, 2651-2670. [CrossRef] [PubMed]

Alagarsamy, K.; Fortier, A.; Mishra, R.; Kumar, N. In Investigation of thermo-mechanical processing
and mechanical properties of cocrfenimn high entropy alloy for peripheral vascular stent application.
In Proceedings of the ASME 2016 11th International Manufacturing Science and Engineering Conference,
Blacksburg, VA, USA, 27 June-1 July 2016.


http://dx.doi.org/10.1097/00003086-199612000-00006
http://dx.doi.org/10.2106/00004623-199409000-00009
http://dx.doi.org/10.1007/s10195-016-0391-1
http://www.ncbi.nlm.nih.gov/pubmed/26868420
http://dx.doi.org/10.1097/00003086-199201000-00020
http://dx.doi.org/10.1007/s00264-010-1144-z
http://www.ncbi.nlm.nih.gov/pubmed/21085957
http://dx.doi.org/10.1007/s00776-012-0234-8
http://www.ncbi.nlm.nih.gov/pubmed/22573214
http://dx.doi.org/10.1016/j.actamat.2016.08.081
http://dx.doi.org/10.1016/j.corsci.2008.04.011
http://dx.doi.org/10.1016/j.tsf.2008.06.014
http://dx.doi.org/10.1016/j.corsci.2004.11.008
http://dx.doi.org/10.1016/j.actamat.2011.06.041
http://dx.doi.org/10.1016/j.wear.2005.12.008
http://dx.doi.org/10.1016/j.scriptamat.2014.11.037
http://dx.doi.org/10.1016/j.msea.2015.02.072
http://dx.doi.org/10.1016/j.ijhydene.2013.05.071
http://dx.doi.org/10.1016/j.matlet.2015.06.046
http://dx.doi.org/10.1007/s11837-016-1888-z
http://dx.doi.org/10.1016/j.biomaterials.2005.12.002
http://www.ncbi.nlm.nih.gov/pubmed/16423390

J. Funct. Biomater. 2018, 9, 59 11 of 11

33.

34.

35.

36.

37.

Alagarsamy, K.; Fortier, A.; Komarasamy, M.; Kumar, N.; Mohammad, A.; Banerjee, S.; Han, H.-C;
Mishra, R.S. Mechanical properties of high entropy alloy al 0.1 cocrfeni for peripheral vascular stent
application. Cardiovasc. Eng. Technol. 2016, 7, 448-454. [CrossRef] [PubMed]

Li, X.; Bao, X.; Huang, Y.; Qu, Y.; Lu, H.; Lu, Z. Mechanisms of cytotoxicity of nickel ions based on gene
expression profiles. Biomaterials 2009, 30, 141-148. [CrossRef] [PubMed]

Fischer, A.; Skreb, Y. Cytotoxicity of manganese for mammalian cells in vitro—Comparisons with lead,
mercury and cadmium. Zentralbl Bakteriol. Mikrobiol. Hyg. B 1980, 171, 525-537. [PubMed]

Castle, J.E.; Clayton, C.R. The use of in the x-ray photo-electron spectroscopy analyses of passive layers on
stainless steel. Corrosi. Sci. 1977, 17, 7-26. [CrossRef]

Geetha, M; Singh, A K.; Asokamani, R.; Gogia, A K. Ti based biomaterials, the ultimate choice for orthopaedic
implants—A review. Prog. Mater. Sci. 2009, 54, 397-425. [CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s13239-016-0286-6
http://www.ncbi.nlm.nih.gov/pubmed/27848221
http://dx.doi.org/10.1016/j.biomaterials.2008.09.011
http://www.ncbi.nlm.nih.gov/pubmed/18922574
http://www.ncbi.nlm.nih.gov/pubmed/7467917
http://dx.doi.org/10.1016/0010-938X(77)90036-1
http://dx.doi.org/10.1016/j.pmatsci.2008.06.004
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Sample Fabrication 
	Metal Multi-Principal Element Alloy Characterization 
	Cell Expansion 
	Direct Contact Cytotoxicity Evaluation 
	Cell Number 
	Viability Assessment 
	Mass Loss 
	Statistical Analysis 

	References

